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I. INTRODUCTION
The R&D of the LHC main superconducting dipole magnet has been carried out as one of the projects within the framework of the LHC collaboration between KEK and CERN [l] . This R&D is complementary to the work at CERN. A 56 mm single aperture dipole model magnet has been developed. The magnet has the same 5 block coil configuration as the CERN design wound with NbTi superconducting cables to be operated in superfluid helium at 1.9 K and a central field of 8.65 T at a load line ratio of 90 %. This magnet has the following features: a magnetically symmetric configuration intended to be applied to the twin aperture magnet, mechanical consideration using a high manganese steel collar, and a horizontally split iron yoke. It has a straight section of 0.8 m in a total length of 1.2 m . The magnetic forces are supported partly by the collar and partly by the yoke. The end sections follow the design adopted for the previous 50 mm aperture dipole magnet developed at KEK [2] . The magnet design, fabrication, and perfoimance test will be reported in this paper.
MODEL MAGNET DESIGN A. Design Concept
According to the previous design concept of the twin apesture dipole magnet [I] , a single aperture model was fabricated. The main features which are a complementary approach to the CERN R&D are as follows:
Manuscript received August 26, 1996 Visiting professor from Bulgarian Academy of Science -Symmetric, separate collar made of non-magnetic steel with an outer radius of 90 mm, -Symmetric, separate collar made of non-magnetic steel with an outer radius of 90 mm, -Horizontally split iron yoke with an outer radius of 260 mm, and -Five block coil with a coil inner radius of 28 mm that is essentially the same as the CERN coil disposition. This single aperture design can be easily applied to the twin aperture dipole magnet without any modification in the collared coil. This symmetrical and horizontal split yoke configuration has an advantage of a simple structure and easier assembly with less requirements on tolerances.
The main parameters are shown in Table I . 
B. High-Mn Collar Design
Two candidates of non-magnetic steel, SUS-3 16 and highMn steel, have been considered for the design by a systematic study. We adopt the high-Mn steel, 28 46 Mn, KHMN [3] , in this model magnet because it has a similar thermal contraction coefficient and then the magnet has a stiffer mechanical structure in connection to the iron yoke contacting mechanically to the collar outer edge since room temperature assembly. This means als,o the small coil defoimation of around 60 pm which is smaller than that in case of !;US-316 at the coil mean radius. On the other hand, this has a disadvantage of larger reduction of the coil prestress estimated to be in a level of 12 MPa after cooling-down. The collar should contact rigidly with the yoke at the room temperature. The gap is filled with a 0.5 mm thick steel plate to test the high-Mn collar configuration. When the plate is removed, we can simulate mechanil-ally the collar configuration which may happen in the SUS-316 collar.
C . Coil End Design
The same concept as the previous single 50 mm aperture model magnet which has shown no quench at the end sections [2] was adopted for the coil end design. The features are as follows:
-Re-optimization of the coil end structure to minimize the local peak field and to enhance self attractive force between end blocks, -Non-magnetic steel yoke at the coil end to reduce the local peak field, and -Pre--tensioning of the coil in axial direction using pretensioning bolts embedded in the collar.
The end sections of the inner-and outer-coils are distiibuted into 4 and 2 blocks, respectively, as shown in Fig. 1 . Their positions are axially separated from each other to reduce the peak field at the coil ends to equalize axial stress in the conductor and to ensure the mechanical self-stability. All the blocks in the inner-and outer-coils are distributed to be compressed each other by the integrated magnetic forces.
FABRICATION OF THE MAGNET
The inner-and outer-coils were separately wound and cured with the temperature of 130°C for 4 hours under the pressure of about 65 MPa. The two coils were connected at the straight section in the first turn of the outer coil layer. The length of the splice is 100 mm.
Carbon-glass temperature sensors were installed into each splice fixture made by glass fiber reinforced plastic (GFRP).
The coil prestresses were carefully adjusted to have a larger value on the inner coil than the outer coil, because of the larger reduction of pressure on the inner coil during cooling-down and excitation. After collaring the maximum prestresses of the inner-and outer-coils are 72 and 68 MPa, respectively. A modified collar was used for the splice section and the transition from the inner coil to the outer coil. Another feature is the use of the pretensioning bolts installed into coil packs to elongate the coil axially and to fix the end sections tightly. We applied an extension force of 3 tons for each coil. As the coil is cooled, we expect the extension force to increase. The total force may be enough, so that the axial fixing stress is not lost due to the magnetic forces.
The yoke inner half width may be kept under 90.0 mm and 0.5 mm larger than the collar outer half width. The measured and well controlled size of the yoke opening was 90.00 to 90.04 mm. The collar half width was measured as 89.52 to 89.55 mm wide. This is a little bit larger than the design value caused by the prestress deformation. We filled the gap between the collar and the yoke with a 0.4 mm thick plate. The yoke of 0.6 m long and the axial end voids of 0.3 m long were attached. The yoke outer radius of the assembled magnet was controlled within k 0.07 mm. The cylinder was put on the assembled yoke by a shrinkage fit method as the final process.
The completed magnet ready for test is shown in Fig. 2 .
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The magnet was cooled by using a refrigerator which has the capacity of 300 W at 4.2 K [4] to cany out the performance test at 4.4 K and 1.8 K. After the completion of the training quench at 4.4 K, the magnet was cooled down to 1.8 K as shown in the figure. In the first quench, the magnet was excited with a current of 11,778 A which is 91 % of the short sample critical current and reached a central magnetic field of 8.8 T at 1.8 K.
Finally it reached the maximum current of 12,934 A which corresponds to more than 99 % of the short sample critical current and to a central field of 9.63 tesla after 27 training quenches at 1.8 K.
At the beginning of the training quench, quenches occurred at a middle turn of the inner coil. The quench locations moved to the straight section of the first and second pole turns or the first turn in the same inner coil. The quench locations moved from the near pole turns to other turns close to the mid-plane during the fast ramp rate excitations. The ramp rate dependence of the magnet was measured by exciting with ramp rates of 200 and 400 Als. The degradation is almost linear for (di/dt)* and was only 8 95 at a ramp rate of 400 MS. Mechanical measurement has been performed continuously from the collaring process through the excitation test using beam type gauges. Just after releasing a collaring press, the prestresses were 72 and 68 MPa in the inner-and outer-coils, respectively. The values were almost unchanged S61 by yoking, and increased about 2 MPa as a result of shrinkage fitting the outer cylinder over the magnet. The pressure relaxation was around 12 MPa for the inner coil and I O MPil for the outer coil after the first 10 days, and almost saturated afterwards.
The prestress behaviors during assembling and excitation test are given in Table 2 and Fig. 4 , respectively. The inner coil seemed to lose the prestress at around 11,000 A. On the contrary, the outer coil had still maintained prestress at the full excitation.
V. DISCUSSION
A. Qiierich Locations
At I .8 K, almost all the quenches occurred in the straight section in the inner coil at one side, called the lower one, except for two training quenches and those during the fast ramp tests. The first six and other four quenches occurred in the third or forth turn of the lower inner coil. We could not identify the quench locations because of not having enough voltage taps, except for the first and second pole turns. The other quenches except for three occurred at the first pole turns. The quench locations at the first turn were 13 cm apart from the transition and were identified almost at the identical position within 4 cm. We can consider that the quenches occurred at the same position.
Half of these quenches occurred simultaneously in the first and second pole turns. From these analyses, this magnet may have a mechanically local weak point through the loss of prestresses. This is consistent with the fact that the prestresses in the inner coil were lost at around 11,000 A as in Fig. 4 . 
B. Prestress Behavior
The release of the prestresses in the inner-and outer-coils by cooling were around 31.2 and 24.7 MPa, respectively. These values are a little bit larger than ones predicted by calculations 151. Although the behavior of the prestress release by excitation is quite reasonable as seen in Fig. 4 , the more careful optimization to the inner coil should be paid. That is to say, the release is relatively large just after the collaring and this should be considered at thc collaring by compromising with the insulation breakage.
C. Propagation Velocity
We have measured the longitudinal and transverse propagation velocities as shown in Fig. 5 . The horizontal axis is normalized by the quench current limit of the inner cable. We assumed the quench current limit of the magnet as follows: at 4.4 K the achieved quench current limit of the magnet from the training quench is 4 % higher than the measured one for sampled strands from the cable. and then the limit at 1.8 K may be 4 5% higher than the measured short sample limit on the same analogy. Two kinds of the longitudinal propagation velocities in the cases of the first pole-turn quench and the first and second pole-turns quench are shown in the figure. From the rcsults, it can be seen that the simultaneous quench of the adjacent turns does not accelerate the propagation of normal zone.
VI. CONCLUSIONS
From this R&D, we have concluded the followings:
-The magnet performed well and reached the central field of 8.8 tesla which was beyond the design operational field at the first quench and finally up to 99 92 of the short sample critical current at 1.9 K, -The magnet still shows gradual training at 1.9 K in contrast with the behavior at 4.4 K, -The high-Mn steel symmetric collar with the horizontally split yoke functioned well with sharing the magnetic forces, -Longitudinal tension in the coil using pretensioning bolts between collar packs worked well resulting in no quench at the end sections, and -The magnet has a mechanically local weak point probably in relation with the lost prestrcsses in higher excitation current.
